A large randomized controlled trial, The National Lung Screening Study (NLST), has demonstrated that screening with low-dose spiral computed tomography saved lives from lung cancer when compared with screening with chest radiographs. This is the first test showing efficacy in screening for lung cancer as previous trials of chest radiographs and sputum cytology failed to result in fewer deaths with screening. This review will examine the problem of lung cancer, the issues presented by screening, and the results of computed tomography (CT) studies for lung cancer screening. Now that CT screening has been shown to be effective, implementation of screening becomes the next step.
Introduction
Cancer of the lung is the leading cause of cancer death in both women and men in the United States. Although it is hard to believe these days, lung cancer was a rare malignancy in the early 1900s and what happened thereafter correlates tightly with increased cigarette consumption. In the year 2013, there is estimated to be 228,190 new cases of carcinoma of the lung, and an estimated 159,480 deaths from lung cancer in the U.S [1] . Lung cancer accounts for approximately one third of all cancer-related death in men and one quarter of all cancer death in women. Lung cancer deaths for men and women are declining; however, more people still die of lung cancer each year than of breast, colon, prostate and pancreas cancer combined. As the five-year survival for lung cancer is currently 16%, the devastation due to this single cancer type alone is alarming [1] .
A humbling feature of lung cancer is that the majority of patients have evidence of spread at the time of presentation. Approximately three quarters of patients with lung cancer will present with symptoms, and the majority of these have an advanced stage of tumor at the time of diagnosis. Early stage detection is infrequent and usually serendipitous. Surgery is often curative for early stage nonsmall cell carcinoma; 5-year survival following removal of Stage IA/B lung cancer is approximately 70% and for Stage IIA/B disease is in the range of 50% [2] .
Given this scenario, early detection through screening clearly makes sense but, until recently, no test had been shown to reduce deaths from lung cancer. Studies from the late 70s and early 80s screened with chest radiographs and sputum cytology and failed to show reduction in mortality [3] [4] [5] [6] . Recently released results from the Prostate Lung Colon and Ovary (PLCO) study have shown once and for all that chest radiograph screening does not result in lives saved from lung cancer [7] . CT has been in clinical use since the mid 70s but it wasn't until technical advances allowing for rapid scanning at low dose that CT screening became feasible (figure 1). Single arm (no comparison or control group) studies from the late 90s and early 2000s reported promising results with CT detection of more cancers, more early stage cancers and with a high resectability rate [8] [9] [10] [11] [12] [13] [14] [15] . By their design, these studies were not able to prove mortality reduction. However, the encouraging results from these studies led to the pursuit of a large randomized control trial, the NLST, which compared screening with low-dose CT scanning with chest radiograph and has shown that CT screening results in fewer deaths from lung cancer [16] .
In short, finding lung cancer early through screening leads to lives saved.
Current screening studies
The NLST is by far the largest of the randomized controlled trials evaluating CT screening for lung cancer and included over 53,000 participants who were current or former heavy smokers (the equivalent of a pack per day for 30 years) ages 55 to 74 [16] . The study was designed to have 90% power to detect a 21% reduction in mortality [17] . Participants were randomized between low-dose spiral CT and chest x-ray at baseline, year 1, and year 2 and then followed for a median of over 6.5 years. A positive screen result in the CT arm of the NLST was defined as the finding of a non-calcified nodule of at least 4 mm; 27% had a positive baseline screen, and 96% of these were false positive -i.e. did not show lung cancer. There were 649 cancers that were detected using CT and 367 diagnosed during follow-up post screening in the CT arm. In the chest radiograph arm, 279 cancers were detected, and 525 diagnosed during follow-up post screening. Within the CT arm, 63% of lung cancers diagnosed from a positive screening test were Stage I; only 29.8% were Stages III or IV. Among cancers detected by chest radiograph, 47.6% were stage I, and 43.2% were stage III or IV. This reduction in advanced cancers in the CT arm demonstrated a shift in stage at diagnosis from advanced disease to early stage; this is what one would anticipate seeing if the screening modality was effective. At the end of the follow-up period, there were 354 lung cancer deaths among those in the CT arm versus 442 deaths among those in the chest radiograph arm, or in other words a 20.0% reduction with CT screening [16] . In the NLST, the number of high risk participants that were needed to screen with CT to save one life from lung cancer ("number need to screen") was 320. This compares favorably to the number needed to screen with mammography for breast cancer of 781 and with fecal occult blood testing for colorectal cancer of 1,250 [18] .
There are several other smaller randomized CT screening trials in Europe that are underway (table 1): the largest of these is the Nederlands-Leuvens Longkanker Screenings Onderzoek (NELSON) trial with 7,557 participants randomized to receive CT screening [19] ; the ITALUNG study [20] has 3,206 participants randomized to low-dose CT versus no screening; the Depiscan study [21] randomized 621 participants between CT and chest radiograph, and the Detection and Screening of Early Lung Cancer by Novel Imaging Technology and Molecular Essays (DANTE) trial [22] A 62 year old woman, former smoker with a 40-pack year history had a low dose screening CT showing a 3 mm nodule (A) in the left lung (lingula). At one-year follow-up, the nodule had grown (B) and at surgical resection was a 6 mm adenocarcinoma. She remains without evidence of disease seven years after removal.
has been published regarding mortality in these studies. The Danish Lung Cancer Screening Trial (DLCST), which randomized 4,104 participants to CT versus no screening, reported that after five rounds of screening there were 15 lung cancer deaths in the CT screen group versus 11 in the no-screen group [23] . In other words, despite CT finding more cancers and more early stage cancers, there were similar numbers of advanced cancers in both groups and there was no mortality reduction with CT screening. So far, the NLST study is the only randomized controlled trial that has shown mortality reduction. Why didn't the DLSCT study show mortality reduction? The answer is uncertain. Compared to the NLST, the participants were younger and had fewer pack years smoking (20 pack-years minimum compared to 30 pack-years for NLST) and so were at lower risk for lung cancer than the NLST participants. The DLSCT is also a much smaller study and would not have had the statistical power to show a similar sized reduction in mortality as the NLST.
Biases in screening
Use of a screening test introduces biases such as lead time, length time, and overdiagnosis, which are inherent in screening and lead to apparent improvement in survival even when there may not be any. The bias effect on survival is what necessitates a randomized controlled trial to demonstrate a change in mortality rather than just survival [24] . Lead-time bias describes the survival benefit of detecting a cancer earlier than it would have been in the absence of screening even if the natural history of disease is not changed. The measure of time between detection and death is increased, but true survival, time from disease onset to eventual death, is something we can't actually measure. We can measure time from diagnosis to death, and early detection improves apparent survival, even if mortality remains unchanged. The patients with cancer would appear to live longer simply because the disease was detected earlier, but this is not necessarily an indication of a change in the natural history. Lengthening apparent survival is desired, yet it is not sufficient proof of benefit from screening.
Applying a screening tool such as CT at specified intervals has a higher likelihood of detecting a cancer with a more indolent course than one with a more rapid course. Length-time bias is the apparent improvement in survival when that improvement is due to selective detection of cancers with a less aggressive course. Screening with CT is more likely to detect peripheral adenocarcinomas and these have a more favorable outcome than other types of lung cancer such as centrally located small cell and squamous lung cancers, which have a poorer prognosis.
Overdiagnosis can result from the identification of indolent lung cancers that would not have a fatal outcome if left undetected. Though a true cancer, an overdiagnosis cancer is one that the patient would have died with rather than died from -i.e. the patient would have died of a cause other than lung cancer had the lung cancer gone undetected. In such cases, measured survival improves but the natural history of these cancers does not need to be altered with detection and treatment.
Recognizing these biases in screening is important; measured survival can be expected to improve compared with no screening even if earlier detection and intervention did not alter the course of the disease. Mortality reduction, rather than survival improvement, is therefore the best measure of a screening tool's effectiveness for a lethal disease and this can be seen in the NLST results. 
Problems with CT screening
Problems identified with CT screening include false positive scans, benign nodule resections, over diagnosis and the effect of radiation -not to mention the cost. For the most part, now that low dose CT has been shown to reduce mortality, the problems of CT screening are recognized as manageable, with the possible exception of cost.
If one considers any non-calcified nodule as a potential lung cancer, a positive result will be found in approximately 50% of nodules identified using CT screening with 98% of those being false positives. In the Mayo CT study, baseline scanning revealed one or more noncalcified nodules in 51% of the participants on the initial scan and, after 4 annual scans, 74% of the participants had one or more nodules [12] . In the Early Lung Cancer Action Project (ELCAP) study, 23% of the participants had a nodule at baseline [10] . The ELCAP study used a single detector scanner with 10 mm collimation (slice thickness) and the Mayo study used a 5 mm slice width. Data from these studies and others indicate that the frequency of nodule detection is a function of slice thickness on CT. Narrower slice thickness detects more nodules and, hopefully earlier detection of lung cancers, yet this also results in the identification of more noncancerous nodules. The NLST required nodules to be 4 mm in diameter or greater to be considered 'positive.' At baseline the nodule detection rate was 27%, yet there was still a 96% false positive rate -in other words, only 4% of these were cancers [16] .
Although the finding of an abnormality (eventually found to be non-cancerous) may cause unnecessary concern for a period of time, a greater concern with false positives is the use of biopsy and surgery used to identify them. In the single arm CT screening studies, 18% to 27% of the surgical procedures were performed for benign histology [13] [14] [15] 25] . Nodule evaluation to identify malignancy is imperfect; however, the aim is to keep resections for a benign process to a minimum. The literature suggests the screening centers have a much lower rate of benign nodule resections than usual practice; this is a concern if screening is to be done for the general population at centers with less experience.
Overdiagnosis is recognized as an issue within breast cancer and particularly prostate cancer screening, and is a problem within lung cancer screening as well. Most eventually lethal lung cancers have doubling times of 50 to 150 days, yet CT screening studies also identify a subset of tumors with long tumor-doubling times of 400 days or more. These slow-growing cancers tend to appear as non-solid -either pure glass opacities or part solid nodules on CT (figure 2). One CT screening study from Japan reported tumor doubling times ranging from 662 to 1,486 days with a mean of 880 days among malignancies presenting as pure glass opacities [26] . In the Mayo CT screening study, 13 of 48 (27%) detected cancers exhibited doubling times that were over 400 days, suggesting these may have been overdiagnosis cancers [27] . However, overall, enough lives are saved through CT screening by detecting fast-growing cancers for the benefit to outweigh the risk of overdiagnosis.
CT imaging involves radiation and, with it, the chance of actually inducing lung cancer, but estimates of the risk of low-dose CT are low even if it were performed annually over decades. The effective dose of radiation absorption is expressed in milliseverts (mSv). The average effective dose for a standard CT of the chest is about 7 mSv; a lowdose scan is about 1.5 mSv and this is about half of the natural ambient radiation exposure of approximately 3 mSv per year [28, 29] . Authors of the NLST estimated that the radiation risk from CT screening 55-year old smokers results in 1 to 3 lung cancer deaths per 10,000
Figure 2. Probable overdiagnosis
An 80 year old woman, former smoker, with a history of a left upper lobectomy for a stage I adenocarcinoma, has an 11 mm (arrow) ground glass opacity in the right upper lobe. The nodule has not changed in over 3-years and is currently being followed with annual CT. If this is a cancer it is likely to be an adenocarcinoma in situ and may represent and overdiagnosis cancer.
people screened and 0.3 new breast cancers per 10,000 females [16] . This potential harm from screening highlights the importance of having proven mortality reduction through a randomized controlled trial.
Recent estimates of the cost of CT screening in high-risk individuals have varied from as low as $19,000 to about $126,000 per life-year saved, reflecting differing modeling and assumptions [30, 31] . However, neither of these estimates used data from the NLST, which is forthcoming and will have a significant impact on the acceptability of screening from a cost perspective.
Conclusions and future directions
Now that CT screening has been shown to save lives, implementation of screening appears appropriate, yet this must be done safely and effectively. The NLST selected a high-risk group to enhance the likelihood of developing lung cancer during the short period of the study to prove or disprove benefit from screening. In this sense, the participants were chosen to maximize the effect seen in the study rather than to define, once and for all, who would benefit from screening. In the transition of screening from the realm of research to clinical care, the simplest answer to the question of "who should be screened?" is to use the NLST criteria for enrollment. The answer should be more complicated than that. The participants for the NLST were not selected on the basis of airway obstruction and presence of chronic obstructive pulmonary disease (COPD), which increases the risk for lung cancer 4-6 times. In a high risk cohort, presence of COPD and CT evidence of emphysema were independent and additive predictors for those who developed lung cancer [32] . Risk due to a first degree relative with lung cancer was also not taken into account by the NLST. Screening patients at comparable or higher risk of lung cancer, as those who were enrolled in the NLST, would appear appropriate and has been recommended in the National Comprehensive Cancer Network (NCCN) guidelines [33] . The American College of Chest Physicians and the American Society of Clinical Oncology recommendation is that "for smokers and former smokers aged 55 to 74 years who have smoked for 30 pack-years or more and either continue to smoke or have quit within the past 15 years, we suggest that annual screening with low-dose CT should be offered", but screening is not recommended for those who do not fit these criteria [34] . The American Society of Thoracic Surgery Guideline recommends annual screening for those who fit the NLST criteria and that "annual low-dose computed tomography lung cancer screening should be offered starting at age 50 years with a 20 pack-year history if there is an additional cumulative risk of developing lung cancer of 5% or greater over the following 5 years" [35] . The American Lung Association recommends screening for those who fit the NLST criteria as does the American Cancer Society [36, 37] .
In addition to CT screening, methods of assessing blood, sputum, mucosa, and breath analysis may provide means to help identify which patients are at highest risk, and which of those with CT abnormalities have lung cancer, or may provide an alternative means to screen other than CT. Research is underway to evaluate biomarkers in airway epithelial cells, sputum, blood, breath, and urine for early diagnosis and prediction of high risk. For example, using visually normal airway epithelial cells, a gene biomarker was able to distinguish smokers with and without lung cancer with an accuracy of 83% [38] . Autoantibodies to tumor antigens have been reported to precede the diagnosis of cancer by as much as 3-5 years, and a panel of autoantibodies has been shown to detect lung cancer with a sensitivity of around 40% and specificity of 90% [39] . Exhaled breath contains volatile organic compounds that can be measured and use of a colorimetric sensor array to identify these compounds was able to predict lung cancer from normals with an overall accuracy of 81%. [40] .
Proving that we can save lives with CT lung cancer screening was just the first step, now we need to better identify who needs to be screened, when to start, how often and how to better separate the benign from the malignant abnormality seen on CT. The goal of a CT screening program is to detect early lung cancer and facilitate curative treatment; however, the overall goal of medicine should be to reduce deaths from lung cancer. CT screening may be a part of this effort, yet we must remain mindful that primary prevention though smoking cessation or never starting is the best means to accomplish this goal. Whether or not lung cancer screening becomes widely applied in the US population at risk will likely be heavily influenced by the cost and who pays. Currently, CT screening is being covered by WellPoint and several state Blue Cross Blue Shield Association members. In the NLST screening, 320 participants resulted in one life saved from lung cancer [16] . Approximately 1 in 6 life-long smokers will die from lung cancer, and death from premature heart disease is about 1 in 2 [41, 42] . The quality adjusted life year for smoking cessation is less than $1500 [43] . If the cost of CT screening high-risk, current smokers is prohibitive, then it may be appropriate, in regard of cost effectiveness, to require smoking cessation prior to the pursuit of CT screening. The math is pretty simple; smoking cessation and avoidance are the best means to save lives.
